The paper presents new results on investigation of structure and physical-mechanical properties of near surface layers of titanium alloys after (W þ , Mo þ ) ion implantation and subsequent thermal annealing under 550 C for 2 h. Using back scattering (RBS) of helium ions and protons, scanning electron microscopy (SEM) with microanalysis (EDS), (WDS), proton (ion) induced X-ray emission (PIXE), X-ray phase analysis (XRD) with a grazing incidence geometry (0.5 angle), measurements of nanohardness and elastic modulus, friction wear (cylinder-plate), measurements of corrosion resistance in a salt solution, we investigated the VT-6 samples, and determined their fatigue resistance under cyclic loads. Double increase of hardness, decrease of wear and increased fatigue resistance were found, which was related to the formation of small dispersion (nanodimension) nitride, carbonitride, and intermetalloid phases.
Introduction
As it is known [1, 2] , transition of medium energy ions through a solid is accompanied by scattering at matrix atoms and electrons, which results in deceleration and changing of ion motion direction, shifting of crystal atoms from lattice sites, accumulation of impurities in a target, sputtering of material surfaces, atomic mixing, formation of distribution profiles of implanted ions, formation of new phases. This essentially influences their mechanical and chemical properties [1] [2] [3] [4] .
Application of high-fluence and intensive implantation results in shifting of an implanted ion concentration profile in the surface vicinity, due to enhancement of sputtering process [3, 4] . We understand high-fluence and intensive ion implantation (HDIII) as an implantation under which the rate of fluence accumulation is about 10 16 cm 2 /min, concentration of implanted ions is from tens to 100 atomic per cent [5] [6] [7] [8] [9] , and an ion current density in the target is from units to tens of milliamps under current pulse duration 100-200 ms.
Paper [4, 5] demonstrated that double implantation of Cu þ , N þ and Fe þ , Zr þ into titanium alloys resulted in a change in microhardness, which was, first of all, related to surface layer hardening due to formation of martensite phases, small dispersion carbides and oxycarbides. In papers [5] [6] [7] [8] it was found almost 80% increase of fatigue resistance in comparison with the initial samples under Hf ion implantation into titanium alloys [6, 7] . In the mid-90s, it was demonstrated that C, N, B implantation increased a cyclic life of Ti-6% Al-4% (VT-6) alloy 4-5 times due to deceleration of dislocation motion and a decrease in fracture growth [6, [10] [11] [12] . Also it is known that W and Mo can be applied as doping elements to increase hardness and improve servicing characteristics of construction materials [10] [11] [12] [13] [14] [15] . In this connection, investigations of high-fluence and intensive W þ and Mo þ ion implantation (HDIII) effects on changes in physical-chemical and mechanical characteristics of titanium alloys VT-6 were of an undoubted interest.
Methods of sample preparation and investigations
The samples of VT-6 (Ti, Al w 5.5-6.8%, V w 3.5-4.5% of the mass content), of 15 Â 15 Â 2 dimensions, polished and annealed to reject residual stresses and cold working, were investigated. Metal ion implantation was performed in the vacuum-arc implantor ''DIANA'' To analyze the element composition of samples we applied the RBS method for helium ions of 2.035 MeV. The structure and surface relief analyses were performed with the aid of a scanning electron microscope REMMA with a microanalyzer WDS (Selmi, Sumy). To investigate the structure of titanium alloys VT-6, we applied a sliding beam in the Wulf-Bregg geometry, additionally we performed investigations of nanohardness and microhardness, wear resistance under friction of a cylinder over sample surfaces and measured fatigue resistance under cyclic loads (for some series of samples), using especially prepared samples looking like small dumb-bells.
The tests were performed using a three-face Berkovich indentation with a nanohardness measuring device Nano Indenter-II, MTS Systems Corp., Oak Ridge, TN, USA. In the process of testing with a high accuracy a dependence of the indenter top displacement on a load was registered. An accuracy of the print depth measurement was equal to AE0.04 nm, that of the indenter load AE75 nH. The device is able to perform about 3 load and displacement measurements per minute. To decrease vibrations the device was positioned at a vibration isolating table. In every test the indenter was loaded/ unloaded three times, each time reaching higher load, which did not exceed 5 mH (z0.5 G) with 150 nm depth.
After testing the hardness was measured according to the indentation print depth, and the elastic modulus was calculated by the unloading curve analysis [13] [14] [15] .
Results and discussion
The hardness H and the elastic modulus E were determined using a nanohardness measuring device (Nan Indentor-II) according to the Oliver-Pharr [15] and Berkovich indentation methods. A value of elastic recovery W e of a surface layer was calculated using the curves ''loading-unloading'' according to the formula:
where h max is a maximum indentor penetration depth, h r is a residual depth after load relax. The penetration diagrams are shown in Fig. 1a -d. A peculiarity of given diagrams is essentially high for a metal elastic recovery in indentor unloading. This indicates a low modulus of E elasticity with a relatively high hardness H (a value of the elastic recovery was determined by the ratio E/H). A load which was necessary for indentor penetration to 50 nm depth was minimum for an initial sample (0.8 AE 0.1 mH), increased to (0.9 AE 0.1 mH) for an implanted sample and was maximum for an implanted sample after annealing The fact that an elastic recovery of a print depth in unloading after annealing was much longer than that for an initial one is worth our attention. This indicates that hardness growth was accompanied by weak modulus enhancement i.e. hardness after implantation and annealing increased more significantly than the elastic modulus.
The results for hardness and elastic modulus for 50, 100, 150 nm print depths are presented in Tables 1 and 2 , and the corresponding plot -in Fig. 2 .
The initial sample hardness decreased a little with the print depth from 50 to 150 nm. This is common scale effect (indentation size effect). The hardness of implanted layer was higher a little, especially at 50 nm depth. Annealing after implantation resulted in a sharp increase of the surface layer hardness, and in comparison with the initial material the depth decrease of hardness occurred more intensively. This was an effect of non-hardened material situated lower. Investigation of VT-6 wear resistance in the cylinder friction over its surface after double implantation by W and Mo demonstrated the wear decrease almost by 15 for the first hundreds of friction cycles. Then the wear began to increase and after 700 cycles reached its initial level. The samples manufactured in the form of dumb-bells were investigated to determine the fatigue resistance within the statistic range 7-10 samples per dependence [9] . After implantation by W and Mo ions the samples demonstrated increase in the fatigue resistance by 25-30%, and after thermal annealing in vacuum at 550 C for 2 h demonstrated increase to 60-70% of their initial value. The phase composition of the implanted sample VT-6 was the following: a-Ti, b-Ti, Al 3 Ti, Al 2 Ti (Fig. 3a) After annealing of the implanted samples basic changes were related to Al 3 Ti, in particular, a separated peak (111) Al 3 Ti appeared in the diffraction pattern. The results taken in a small angle geometry (0.5 angle) demonstrate that in the region between (001) and (100) a-Ti the emission intensity increased, which seems to be conditioned by additional line (111) Al 3 Ti (Fig. 3b) . Fig. 4a ,b shows the energy spectra RBS taken for the VT-6 samples after double implantation of Mo and W ions for two various fluences. In these spectra one can find Al, Ti, V, O, elements, as well as implanted Mo and W ions. Table 3 presents the results of element analysis for VT-6 irradiated with 2 Â 10 17 cm À2 fluence over the sample depth, which were taken using a standard program. As it can be seen in the Table 4 ). Fig. 5a ,b shows W and Mo ion profiles obtained from the RBS energy spectra after implantation with 2 Â 10 17 cm À2 fluence and subsequent thermal annealing at 550 C for 2 h. The thermal annealing resulted in smearing of the profile, decreasing peak W and Mo concentration. Calculation of efficient diffusion coefficients for the VT-6 samples on the basis of these profiles was made according to the formula
where s 2 i is the width of peak W and Mo concentration at a half height at room temperature, s 2 t is the width of peak W, Mo concentration at a half height after annealing at 550 C for 2 h, t is the annealing time, demonstrating that D Mo was about A lower curve was taken after annealing at 550 C for 2 h.
Â 10
À8 cm 2 /s, and for tungsten ions -essentially lower and
Evidently, an increased concentration of radiation defects, as well as implantation of W and Mo impurities resulted in the increased hardness in the near surface layer (almost by 2). In our opinion, this also may be related to oxicarbide formation i.e. under W and Mo ion implantation into VT-6 with 2 Â 10 17 cm À2 fluence the maximum W concentration peak was 5 at.% and 11 at.% for Mo. At the same time, a fluence increase to 5 Â 10 17 cm À2 enhanced also the maximum W concentration to 12-14 at.%, and Mo reaching 38 at.%.
Conclusion
In this work it was demonstrated that the double implantation of Mo and W ions into titanium alloys VT-6 with 5 Â 10 17 cm À2 resulted in formation of concentration profiles with high element concentration at the maximum. Thermal annealing of VT-6 samples at 550 C for 2 h resulted in the decreased peak Mo and W concentration and smearing of the element profiles. Nanohardness measurements demonstrated that maximum hardness change was observed at about 50 nm depth, at 150 nm its value being essentially lower. After thermal annealing an elastic recovery of a print depth in unloading was a little higher than for the initial sample, which indicated that the hardness growth was accompanied by a weaker elastic modulus increase. After implantation and annealing the sample hardness reached higher values than the elastic modulus for the VT-6 samples. Thermal annealing after Mo and W ion implantation resulted in a sharp hardness increase of a near surface layer. The hardness decrease with a depth was more significant in comparison with the initial samples, i.e. it seemed to be explained by influence of a lower layer (a non-hardened material).
A phase composition of VT-6 was also presented: a-Ti, b-Ti, Al 2 Ti, Al 3 Ti. All the changes occurring after annealing of the samples by two types of ions seem to be related to Al 3 Ti phase (i.e. the fully separated peak (111) Al 3 Ti). Simultaneously, in the region (001) and (100) a-Ti an increased emission intensity was observed, which was conditioned by an additional line (111) Al 3 Ti.
W and Mo ion implantation with 5 Â 10 17 cm À2 fluence resulted in increased hardness -almost by 100% at 50 nm depth and its decrease at 150 nm.
